Chronic Hepatitis B virus (HBV) infection is a major worldwide public health problem. Current directacting anti-HBV drugs target the HBV DNA polymerase activity, but the equally essential viral ribonuclease H (RNaseH) activity is unexploited as a drug target. Previously, we reported that a ehydroxytropolone compounds can inhibit the HBV RNaseH and block viral replication. Subsequently, we found that our biochemical RNaseH assay underreports efficacy of the a-hydroxytropolones against HBV replication. Therefore, we conducted a structure-activity analysis of 59 troponoids against HBV replication in cell culture. These studies revealed that antiviral efficacy is diminished by larger substitutions on the tropolone ring, identified key components in the substitutions needed for high efficacy, and revealed that cytotoxicity correlates with increased lipophilicity of the a-hydroxytropolones. These data provide key guidance for further optimization of the a-hydroxytropolone scaffold as novel HBV RNaseH inhibitors.
Introduction
Chronic hepatitis B virus (HBV) infection is a major global public health problem affecting an estimated 240e350 million people and causing about 1 million annual deaths worldwide from cirrhosis, liver failure, and hepatocellular carcinoma (Lavanchy, 2005; Trepo et al., 2014) . Two categories of drugs are used in anti-HBV therapy: the interferons, including standard interferon-a and pegylated interferon-a, and nucleos(t)ide inhibitors of HBV polymerase (Lok et al., 2016) . Monotherapy with a nucleos(t)ide analog is the standard of care for many patients. However, these therapies rarely cure the infection and the nucleos(t)ide analogs require life-long administration to limit disease in most patients. Therefore, better anti-viral drugs are urgently needed to further reduce disease progression, with the ultimate goal of curing the infection.
HBV has DNA genome that is replicated via reverse transcription. The multifunctional HBV polymerase protein catalyzes conversion of the viral pregenomic RNA into the mature viral partially double-stranded relaxed circular DNA. This complex process includes DNA synthesis on both RNA and DNA templates, three nucleic acid strand transfers, and hydrolytic cleavage of the RNA in the RNA/DNA heteroduplex that is a key intermediate during reverse transcription. Both the reverse transcriptase (RT) and ribonuclease H (RNaseH) activities of the HBV polymerase protein are essential for HBV replication. However, all currently approved direct-acting anti-HBV drugs are RT inhibitors, whereas RNaseH inhibitors are yet to be developed. Recently we identified several classes of compounds that effectively inhibit both HBV RNaseH activity and viral replication (Cai et al., 2014; Edwards et al., 2017; Hu et al., 2013; Lu et al., 2015; Tavis et al., 2013) . Many of the best inhibitors are a-hydroxytropolones (Lu et al., 2015) .
The troponoids (tropones, tropolones, a-hydroxytropolones, and their derivatives) are aromatic compounds that differ from benzenoids both electronically due to their tropylium character and geometrically due to their unique seven-membered ring structure ( Fig. 1 ) (Liu et al., 2014) . To date, about 200 naturally occurring tropolones have been identified (Bentley, 2008; Zhao, 2007) . Most troponoids were isolated from plants and fungi, but methods have been developed to synthesize them (reviewed in (Liu et al., 2014) ), including the a-hydroxytropolones (reviewed in ). Troponoids have powerful antibacterial and antifungal activities (Baillie et al., 1950; Zhao, 2007) . In addition, many other biological effects such as antiviral (Boguszewska-Chachulska et al., 2006; Budihas et al., 2005; Miyamoto et al., 1998b) , antitumor and antiproliferative (Li et al., 2016; Miyamoto et al., 1998a; Oblak et al., 2012) , and anti-inflammatory (Rekka et al., 2002) activities are associated with troponoids. Thus, troponoids hold promise to be developed into new medicines for a range of diseases.
The tropolones and a-hydroxytropolones ( Fig. 1 ) have two or three contiguous hydroxyl/carbonyl groups, respectively, oriented to efficiently coordinate divalent cations within metalloenzymes (Bryant and Fernelius, 1954; Day and Cohen, 2013) . Therefore, tropolones can inhibit metalloenzymes (Fullagar et al., 2013; Hirsch et al., 2014; Ismaya et al., 2011; Kim and Uyama, 2005) , with the tropolones being able to inhibit enzymes with a single divalent cation and the a-hydroxytropolones being able to inhibit enzymes with two divalent cations. Recently we found that the a-hydroxytropolones can suppress HBV replication by inhibiting the HBV RNaseH activity Lu et al., 2015; Tavis et al., 2013) .
Thirteen of 51 a-hydroxytropolones inhibited the HBV RNaseH enzyme in vitro, with the best 50% inhibitory concentration (IC 50 ) being 2.3 mM. Six of ten compounds tested in cell culture suppressed HBV replication, with the best 50% effective concentration (EC 50 ) being 0.34 mM. Moderate cytotoxicity was observed for all compounds, with 50% cytotoxic concentrations (CC 50 ) ranging from 25 to 79 mM (Lu et al., 2015) . We hypothesized that selectivity and potency of the a-hydroxytropolones could be improved against HBV through medicinal chemistry optimization. Here, we report our recent advances in this hit-to-lead drug development effort that includes evaluation of 46 a-hydroxytropolones and 13 additional troponoids against HBV replication in culture.
Materials and methods

Compounds
Compounds used in this study were acquired commercially or were synthesized as described below. Compounds #61e63 were purchased from ChemBridge (San Diego, CA), and compounds #46e57 and 195 were acquired from the NCI Developmental Therapeutics Program. Compound #172 was synthesized according to the procedure of Takeshita et al. (1986) . Compounds #106e120, 143e147, 273e274, and 335 were synthetized from kojic acid as previously described Hirsch et al., 2014; Ireland et al., 2016; Meck et al., 2012; Williams et al., 2013) . Compounds #280, 308e313, 315, and 317e319 were synthesized as described (Donlin et al., 2017) . Compounds #261e264 were made using the Banwell method (Banwell et al., 1991) . Compounds were !95% pure by 1 H NMR analysis. Synthesis and characterization of #257e259, 334, 336 and 347 can be found in the supporting information. All compounds were dissolved in DMSO (Sigma, St. Louis, MO) at 10 mM and stored at À80 C.
Cell culture
HepDES19 is a stably transformed HepG2-derived cell line carrying a tetracycline-repressible HBV genomic construct that supports HBV replication upon withdrawal of tetracycline (Guo et al., 2007) . HepDES19 cells were maintained at 37 C with 5% CO 2 in DMEM/F12 medium (Fisher, Hampton, NH) supplemented with 100 U of penicillin/mL, 10 mg of streptomycin/mL, and 10% fetal bovine serum (Fisher, Hampton, NH) in the presence of 1 mg/mL of tetracycline. HEK293 is a human embryonic kidney cell line. LX-2 is human hepatic stellate cell line (Xu et al., 2005) . HEK293 and LX2 were grown at 37 C with 5% CO 2 in DMEM (Fisher, Hampton, NH) supplemented with 100 U of penicillin/mL, 10 mg of streptomycin/ mL, and 10% fetal bovine serum (Fisher, Hampton, NH).
EC 50 determination
EC 50 values for the compounds were determined by plating HepDES19 cells at 0.3 Â 10 6 cells/well in 12-well plates in medium without tetracycline to induce HBV DNA replication. 48 h later cells were treated with medium containing antiviral compounds or DMSO as a vehicle control without tetracycline. Encapsidated HBV DNA was then extracted, and quantitative PCR (qPCR) was performed with a strand-preferential assay with TaqMan reagents as described . The amounts of plus-and minus-polarity DNA strands were calculated as the percentage relative to the quantity of DNA in DMSO-treated cells. EC 50 values were calculated from the decline in DNA levels with GraphPad Prism software using the nonlinear regression log(inhibitor) vs. response algorithm.
Cytotoxicity
Cytotoxicity was assessed by MTS assay. HepDES19, HEK293 or LX-2 cells were seeded into 96-well plates at a density of 2 Â 10 4 cells/well and exposed to compounds with a treatment schedule identical to that used for the HBV replication inhibition assays. Following compound treatment, 20 mL [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (MTS) (Promega, Madison, WI) solution containing the electron coupling reagent phenazine methosulfate (PMS) (Promega, Madison, WI) was added to the cells to a final concentration of MTS 0.33 mg/mL. Cells were incubated at 37 C for 1 h, and absorbance was measured at 490 nm. Cytotoxicity was calculated as the percentage relative to cytotoxicity determined in DMSO-treated cells. CC 50 values were calculated with GraphPad Prism software using the nonlinear regression log(inhibitor) vs. response algorithm.
Calculation of physicochemical parameters
ChemAxon software was used to calculate six parameters for the active compounds: octanol-water partitioning coefficient (logP), octanol-water distribution coefficient at pH ¼ 7.4 (logD 7.4 ), polar surface area at pH ¼ 7.4 (PSA) (Ertl et al., 2000) , molecular polarizabilty (MP) at pH ¼ 7.4 (Hansch et al., 2003) , Van der Waals surface area (VdWSA) at pH ¼ 7.4 (Ferrara et al., 2002) , and molecular refractivity (MR) (Ghose et al., 1999; Viswanadhan et al., 1989) . Solubility forecast index (SFI) was calculated by summing logD 7.4 and the number of aromatic rings (SFI ¼ logD 7.4 þ #Ar) (Hill (Lu et al., 2015) .
and Young, 2010).
Regression analysis
Linear regression analyses were performed with RStudio using an R script. The regression coefficients were initially estimated for the complete set of physicochemical parameters that yielded pvalues less than 0.01. Next, the least-significant predictor was eliminated from the model and the data were refit. This was repeated until all remaining regression coefficients were significant at confidence levels 0.01%.
Results and discussion
We previously identified the a-hydroxytropolone natural product b-thujaplicinol as a potent inhibitor of HBV RNaseH that suppresses HBV replication in cell culture with EC 50 ¼ 1 mM Tavis et al., 2013) . Subsequent studies on a library of fully synthetic a-hydroxytropolones led to identification of several other HBV RNaseH inhibitors that could block viral replication (Lu et al., 2015) . Importantly, one of these molecules was #110, which has an EC 50 of 0.34 mM in cell-based antiviral assays. Paradoxically, most of these aehydroxytropolones were less effective in enzymatic RNaseH inhibition assays than they were against viral replication. This quantitative discord between the IC 50 s and EC 50 s appears to primarily be due to limitations in our ability to measure RNaseH activity, not failure of the compounds to act against the RNaseH. This is because the RNaseH inhibitors yield an RNaseHdeficient phenotype in cells (i.e., truncated minus polarity DNAs, accumulation of RNA:DNA heteroduplexes, and lack of pluspolarity DNA), not just an overall reduction in DNA accumulation . Also, the bacterially expressed and purified recombinant RNaseH domain used for the enzymatic RNaseH inhibition assays can be inhibited by the compounds we identified, but the recombinant enzyme is only a part of the full HBV polymerase protein, and may not completely recapitulate the behavior of the full length protein. Thus, while the enzymatic inhibition assay was key to identifying the a-hydroxytropolones as a promising pharmacophore for HBV RNaseH inhibitor development, limitations to the sensitivity of the biochemical assay indicate that evaluation of cell-based antiviral activity is necessary to provide a meaningful structure-activity relationship to guide medicinal chemistry improvement. Our prior studies gained cell-based antiviral EC 50 values for just two natural product and four synthetic a-hydroxytropolones (Lu et al., 2015) . Here, we detail cell-based antiviral activity of 46 a-hydroxytropolones and an additional 13 troponoids with the goal of identifying promising medicinal chemistry avenues to optimize efficacy and minimize cytotoxicity.
Efficiency of troponoids against HBV replication and cytotoxicity
This sublibrary of troponoids was screened against HBV using a cell culture replication inhibition assay that measures suppression of the HBV plus-polarity DNA strand because synthesis of the pluspolarity DNA strand cannot proceed if the RNaseH activity is blocked, whereas the minus-polarity DNA strand is relatively unaffected by RNaseH inhibitors. All but eight of the 46 aÀhydroxytropolones suppressed HBV replication (Table 1) , whereas all 13 of the other troponoids were inactive (Suppl. Table 1 ). All tested tropolones that suppress HBV plusstrand DNA have either no effect on minus-strand DNA synthesis or inhibited it at significantly higher concentrations than plusstrand (Suppl. Table 2 ). Thirty-six of the 38 active a-hydroxytropolones had EC 50 values < 10 mM and eight had EC 50 values of <1 mM (Table 1) . The most effective of the new compounds tested were #107, 280, 336 and 347, which had EC 50 values of 0.4 ± 0.2, 0.5 ± 0.1, 0.4 ± 0.2, and 0.6 ± 0.4 mM, respectively.
Cytotoxicity of the troponoids in this sublibrary was determined in HepDES19 cells using an MTS assay in parallel with the replication inhibition activity measures to establish the specificity of antiviral effects. CC 50 values for the 38 compounds active against HBV replication ranged from 17 to >100 mM, with 19 of these active compounds having CC 50 values > 50 mM (Table 1) .
Therapeutic indexes and drug-like properties of the troponoids
Therapeutic index (TI) values for each compound were calculated based on the MTS cytotoxicity assay as TI ¼ CC 50 /EC 50 and ranged from 3 to >200 (Table 1) . We selected the 11 compounds with highest TI values and further investigated their potential cytotoxicity in HEK293 kidney cells and LX-2 hepatic stellate cells (Table 2 ). All compounds had CC 50 s in HEK293 and LX-2 cells by the MTS assay that were the same or higher than in HepDES19 cells, indicating a lack of cell-type specific cytotoxicity.
We next evaluated these 11 best a-hydroxytropolones for compliance with Lipinski's Rule of Five (Lipinski et al., 1997) as a measure of their drug-like properties. The rule states that a compound is more likely to exhibit poor absorption or permeation when two or more of the following physicochemical criteria are fulfilled: the molecular weight is greater than 500, the calculated logP is greater than five, there are more than five hydrogen-bond donors, and the number of hydrogen-bond acceptors is greater than ten. All selected a-hydroxytropolones passed the Rule of Five with zero violations (Suppl. Table 3 ).
3.3. Structure-activity relationships against HBV replication in culture 3.3.1. Mono-substituted a-hydroxytropolones
The first aehydroxytropolone identified as an HBV RNaseH inhibitor was compound #46, which has a single isopropyl group on the troponoid ring Tavis et al., 2013) . To gauge the importance of this appendage, we tested compound #210, where the isopropyl group was truncated to a methyl group, and the parent a-hydroxytropolone #172, where the group was removed completely. The three molecules had equivalent antiviral potency, with EC 50 values of 1.0, 1.2, and 1.7 mM (p ¼ 0.71, ANOVA: single factor) ( Table 1) . Inclusion of larger 3-and 4-biphenyl groups on the tropolone ring (compounds #263 and 264) caused slight but statistically insignificant loss of anti-HBV efficiency (EC 50 2.4 ± 0.7 and 2.8 ± 0.7, p ¼ 0.54 and 0.38, respectively, student's t-test) over #172. This suggests that bulky aromatic substituents in the R 2 position are tolerated but trended to lesser potency. In contrast, the R 2 bromidecontaining compound #261 was sixefold less potent than #172 and 11efold less potent than #46. This decreased potency could be due to the bromine directly impacting efficacy or from it destabilizing the molecule in tissue culture. Overall, substituents in R 2 position on the tropolone ring could be arranged as H y short aliphatic < aromatic ≪ bromine in order of decreasing efficiency against HBV replication.
3.3.2. Di-substituted a-hydroxytropolones where R 1 ¼ Me and
The majority of the synthetic a-hydroxytropolones were generated through an oxidopyrylium cycloaddition/ring-opening strategy developed in the Murelli lab (Meck et al., 2012) , and thus mostly contain a methyl group at R 1 as a synthetic handle plus either an aromatic or carbonyl-containing appendage at R 2 .
Among the aromatic-containing molecules, we previously b Data from (Lu et al., 2015) . compound #110, which was previously identified as the most potent troponoid with EC 50 ¼ 0.3 ± 0.03 mM (Lu et al., 2015) , threeto four-fold more potent than #210 (Table 1) , which differs only by the absence of a methyl ketone at R 2 . However, similar aliphatic ketone-containing a-hydroxytropolones (#120, 143, 173, and 310) were all significantly less potent, demonstrating that there is little room for growth at this position. This conclusion is emphasized by two other carbonyl-containing a-hydroxytropolones, the methyl ester-containing compound #274
and ethyl ester-containing #109. While #274 has activity on par with #172 (EC 50 ¼ 1.1 mM), the subtle change from a methyl ester to an ethyl ester in #109 dropped potency four-fold (EC 50 ¼ 4.3 mM) compared to #210 (Table 1) . On the other hand, changing to a carboxylic acid appendage (#319), while representing an even smaller group, was about four-fold less potent than #172. In this case, it is possible the anionic nature of the presumed carboxylate form could limit passive diffusion across biological membrane (Ballatore et al., 2013) , and this could explain both its lower potency and cytotoxicity. Aromatic ketone-containing molecules were somewhat more effective than #172. Several a-hydroxytropolones with smaller aromatic ketone-containing appendages (#111, 308, 309, 311, 312, and 313) had potency comparable to #172, although they were all two-to five-fold less potent than #110 (Table 1) . Still larger aromatic ketones, such as compounds with napthyl (#315) and biaryl (#118, 257, 258 and 259) appendages, were two-to six-fold less potent than #172, or six-to 29-fold less potent than #110, and three additional larger biaryl ketones had no antiviral activity (#255, 256, and 260, Suppl. Table 1) . Taken together, these data suggest that carbonyl appendages at R 2 can be beneficial for enhanced efficacy, but the appendages must remain small. One possible explanation for these enhanced properties could be electronic, as the presence of the ketone could either enhance the tropylium characteristic of the tropolone and/or impact the acidity of the tropolone hydroxyls. It is also plausible that the carbonyl could participate in a hydrogen-bonding interaction when bound to the enzyme. Either way, we were curious about the potential impact on efficacy attendant with a change from a carbonyl to a sulfone, as this would have both greater electron-withdrawing properties and introduce two Lewis basic oxygens that could participate in hydrogen-bonding. We thus synthesized and tested the a-hydroxytropolone #336, a sulfonyl analog of the phenyl ketone #111. Compound #336 was twice as potent as #111, and had comparable, if not lower, cytotoxicity (Table 1) . A greater survey of sulfonyl-containing a-hydroxytropolones is underway.
Tri-substituted a-hydroxytropolones and identification of potent lactones #280 and 347
While one carbonyl moiety on the tropolone appears to be beneficial, the two-fold decrease in activity of #106 compared to #274 (Table 1) suggests that addition of a second carbonyl at R 3 may be deleterious. So too was the impact of an additional bromide (#334 and 335), which decreased replication inhibition by almost an order of magnitude compared to their non-brominated counterparts (#110 and 274). It is unclear if this loss in potency was due to a direct impact of the bromide or whether the bromidecontaining compounds were unstable in cells. Efforts are underway towards synthesis and testing of alternative halogencontaining a-hydroxytropolones to determine if this is a general phenomenon of halogens or is specific to the bromide derivatives. One of the more dramatic structure-function relationships was observed when comparing three molecules with methyl esters at both R 2 and R 3 that varied at R 1 . We had previously observed that compound #106 (with a methyl group at R 1 ) was typical with respect to potency among the synthetic a-hydroxytropolones, with an EC 30 of 2.7 mM (Lu et al., 2015) . However, potency dropped about five-fold (EC 50 ¼ 15 mM) when this methyl group was instead a methoxymethylene (#108) ( Table 1) . A similar decrease in activity from #106 to 108 was also observed against the HIV RNaseH, where enzymatic IC 50 values were 0.23 and 1.0 mM, respectively . On the other hand, when R 1 was instead a chloromethylene (#107), a dramatic increase in anti-HBV activity was observed, with an EC 50 value of 0.4 mM, which is six-fold more potent than #106. This is not only in stark contrast to the behavior of #107 against the HIV RNaseH (IC 50 ¼ 0.8 mM), where it is closer in activity to #108 than to #106, but is also in contrast to HBV RNaseH enzymatic assays, where it is also less potent than #106 (Lu et al., 2015) . Given the high metabolic activity expected in hepatocytederived cells, we questioned the stability of #107, suspecting that it might lactonize in the course of the assays to generate compound #280 (Fig. 2) . Lactonization of #107 to 280 was reported by our labs previously, and was found to take place under fairly mild conditions (0.05% trifluoroacetic acid in water/acetonitrile) (Donlin et al., 2017) . Here, we suggest that this lactonization (between #107 to 280) may take place in cell cultures. Indeed, activity of the lactone compound #280 was virtually equivalent to #107, supporting this hypothesis. Therefore, an additional lactone, #347, was synthesized. It also demonstrated comparable activity against HBV replication as #107. In vivo lactonization has previously been suggested to occur for some of the cholesterol-lowering drugs, statins, either through intestinal non-enzymatic reactions due to the low pH, or by an intracellular enzymatic mechanism mediated by uridine diphosphate (UDP)-glucuronosyltransferases (Kearney et al., 1993; Prueksaritanont et al., 2002) . It is unknown if the same mechanisms are involved in possible lactonization of compound #107. Excitingly, while the antiviral efficacy of several molecules in this study (#107, 280, 336, and 347) approached that of #110, their cytotoxicity was significantly reduced compared to #110, providing an enhanced therapeutic index (up to 2-fold for compound #107). Our current hypotheses to explain the higher activity of the lactone is that rotational restriction of the lactone could limit entropic penalties to binding and/or provide greater overlap between the carbonyl and the tropolone, enhancing tropylium characteristics that could be beneficial to inhibition.
Structure-cytotoxicity relationships
We conducted a structure-cytotoxicity analysis to determine if there were any prominent components of the compounds that We also analyzed the contribution of substitution type on cytotoxicity. In general, compounds with aromatic groups in the R 2 position were more toxic than compounds with smaller aliphatic substitutions. Furthermore, several of the more toxic compounds (CC 50 < 35 mM) shared a common biaryl component at R 2 (compounds #118, 115, 255, 257, 258, 259, and 264) . It is not surprising that tropolones containing biaryls are the most toxic. It was demonstrated previously that biphenyl moieties could bind to a wide range of proteins (Hajduk et al., 2000) and other molecules through a variety of interactions with aromatic and hydrophobic residues (McGaughey et al., 1998 ), polar amides (van der Spoel et al., 1996 or hydroxyl (Sapse et al., 1992) groups, and even positively charged moieties (Mecozzi et al., 1996) .
Quantitative structure-activity relationships (QSAR)
Physicochemical properties of the compounds can influence their toxicological profile (Blagg, 2006; Raies and Bajic, 2016) . Many of these chemical parameters can be calculated from the compounds' structures, so we determined if there were quantitative correlations between calculated physicochemical properties of tropolones and anti-HBV efficacy and cytotoxicity. Seven molecular descriptors were used: octanol-water partitioning coefficient (logP), octanol-water distribution coefficient at pH ¼ 7.4 (logD 7.4 ), solubility forecast index (SFI) as calculated by summing logD 7.4 and the number of aromatic rings (Hill and Young, 2010) , polar surface area at pH ¼ 7.4 (PSA) (Ertl et al., 2000) , molecular polarizabilty at pH ¼ 7.4 (MP) (Hansch et al., 2003) , Van der Waals surface area at pH ¼ 7.4 (VdWSA) (Ferrara et al., 2002) , and molecular refractivity (MR) (Ghose et al., 1999) . Suppl. Table 4 contains these predicted physicochemical values for a key set of tropolones. Linear regression was performed for these parameters to identify correlations with the anti-HBV efficiency and cytotoxicity. No correlations were found between efficiency and physicochemical properties of the tropolones. However, strong correlations were observed between physicochemical properties and cytotoxicity of tropolones.
Lipophilicity is an especially important drug-like property, measured by logP and logD (Leeson and Springthorpe, 2007; Linnankoski et al., 2006; van De Waterbeemd et al., 2001) , that can influence drug toxicity (Cronin, 2006) as well as other phenotypic features (van De Waterbeemd et al., 2001 ). We found a significant correlation of logP with cytotoxicity of ahydroxytropolones (Suppl. Table 5 , Fig. 3A) . Tropolones with higher logP values are more cytotoxic than tropolones with lower logP. Similarly, logD 7.4 is also negative predictor of tropolones cytotoxicity (Suppl. Table 5 ). Lipophilicity can reflect a key event of molecular desolvation in transfer from aqueous phases to cell membranes and to proteins binding sites (Leeson and Springthorpe, 2007) . If lipophilicity is too high, there is an increased likelihood of binding to multiple targets and enhancing cytotoxicity, and this may have contributed to cytotoxicity in our assays.
Recently, SFI was found to be a simple and effective predictor of solubility (Hill and Young, 2010) . Its value is influenced by the number of aromatic rings in a molecule in addition to lipophilicity (measured by logD), as it was shown that increased aromaticity has a negative impact on solubility (Ritchie and Macdonald, 2009 ). In our modeling, SFI as a single factor gave the strongest correlation of the aehydroxytropolones' physicochemical descriptors with cytotoxicity (Suppl. Table 5 , Fig. 3B ). It was also suggested that keeping SFI <5 in compound design should improve probability of securing good physical properties (Hill and Young, 2010 (Fig. 4) , implying that ahydroxytropolones with SFI values from 1 to 5 might have higher anti-HBV efficiency in addition to better cytotoxicity profiles.
Recent studies have highlighted the importance of molecular polar surface area (PSA; the surface belonging to polar O and N atoms (Ertl et al., 2000) ), on drug absorption (Hou et al., 2007; Linnankoski et al., 2006) . Our analysis showed no significant correlation between PSA values and cytotoxicity for the aehydroxytropolones (Suppl. Table 5 ). In contrast, modeling of Van der Waals surface area as well as molecular refractivity both resulted in significant correlations with cytotoxicity. Therefore, in addition to bulk lipophilicity, specific three-dimensional structural features including Van der Waals forces, polarizability and refractivity correlated with cytotoxicity for the a-hydroxytropolones (Suppl. Table 5 ).
Having found a few physicochemical properties to be associated with cytotoxicity of a-hydroxytropolones and given that these properties were not independent of each other, we performed multivariate linear regression including all parameters that were significant in univariant analyses. In this multivariate model, the logP, logD, and SFI values were not predictive of cytotoxicity. The final model included molecular polarizability, Van der Waals surface area, and molecular refractivity and yielded a good correlation with the observed toxicity with an adjusted R 2 value of 0.52 and pvalue of 4.6 Â 10 À6 (Suppl. Table 5 , Fig. 3C ). In this model, the predicted cytotoxicity of aehydroxytropolones increased linearly with molecular refractivity and decreased linearly with molecular polarizability and Van der Waals surface area.
Summary
Recent progress in the development of in vitro and in vivo models of HBV infection (Allweiss and Dandri, 2016) have helped to identify new targets for the development of anti-viral drugs that act against previously unexploited viral or cellular targets (Block et al., 2015) . We previously identified the aehydroxytropolone scaffold as an inhibitor of the HBV RNaseH, a novel drug target, and demonstrated that inhibiting the viral RNaseH efficiently blocks HBV genomic replication. Here, we systematically evaluated substitutions at the R 1 , R 2 , and R 3 positions on the tropolone ring of aehydroxytropolones for their effects on anti-HBV replication and cytotoxicity. These studies indicated that efficacy is diminished by larger substitutions on the tropolone ring, identified key components in the substitutions needed for high efficacy, implied that efficacy may be enhanced by sulfonyl or lactone appendages, and revealed that cytotoxicity correlates with increased lipophilicity. These data will facilitate design of new tropolones with better efficacy against the HBV RNaseH and reduced cellular toxicity, with the goal of developing the a-hydroxytropolones as a new class of drugs to be used in combination with other inhibitors to block disease progression and potentially cure chronic HBV infections.
